
Electrical nonlinearity in colossal magnetoresistance manganite films:
Relevance of correlated polarons

V. Moshnyaga,1 K. Gehrke,1 O. I. Lebedev,2 L. Sudheendra,1 A. Belenchuk,3 S. Raabe,1 O. Shapoval,3 J. Verbeeck,2

G. Van Tendeloo,2 and K. Samwer1

1Erstes Physikalicshes Institut, Universität Göttingen, Friedrich-Hund-Platz 1, 37077 Göttingen, Germany
2EMAT, University of Antwerp, Groenenborgerlaan 171, B-2020 Antwerpen, Belgium

3IEEIT, Academy of Sciences, Str. Academiei 3/3, MD-2028 Chisinau, Republic of Moldova
�Received 15 August 2008; revised manuscript received 21 January 2009; published 9 April 2009�

The metal-insulator �MI� transition in epitaxial thin films of La0.75Ca0.25MnO3 �LCMO� is accompanied by
the appearance of an intrinsic electrical nonlinearity. The latter, probed by electrical third harmonic voltage,
U3�, or resistance, R3�=dU3� /dJ, is drastically enhanced in the vicinity of the MI transition, TMI=267 K.
Applied magnetic field, B=5 T, suppresses the nonlinearity, resulting in a huge “nonlinear” CMR3��TMI�
�105%. R3� shows a peculiar low-frequency ���1 kHz� dependence, R3����-�0�n, with exponent, n,
changing across the MI transition from n�1,5–2 for T�TMI to n=1 �T�TMI�. The observed electrical
nonlinearity in LCMO reflects the behavior of correlated polarons, the number of which dramatically enhances
in the vicinity of TMI. We argued that correlated polarons, considered as electric-elastic quadrupoles, provide a
nonlinear �quadratic� coupling to the electric field, yielding a third harmonic electric nonlinearity in LCMO.
The reference film of La0.7Sr0.3MnO3 �LSMO�, a prototypic double exchange system with second-order phase
transition, is characterized as a linear metallic material in the whole range of temperatures �T=10–400 K�,
magnetic fields �B=0–5 T�, and frequencies ��=1–1000 Hz�.
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I. INTRODUCTION

The role of electron-phonon coupling in the localization
of electrons,1 metal-insulator �MI� transition, and colossal
magnetoresistance �CMR� �Ref. 2� in manganites, e.g.,
La1−xCaxMnO3 �LCMO�, is well documented by neutron3–5

and x-ray scatterings.6,7 In the paramagnetic state �T�TC�
the localization mechanism is provided by Jahn-Teller �JT�
lattice distortions, since Mn3+ and Mn4+ have different ionic
radius. These static local lattice distortions of MnO6 octahe-
dra with trapped electrons �holes�, dubbed as “JT polarons,”
accommodate within the perovskite crystalline matrix with
typically orthorhombic6 symmetry in the form of single �lat-
tice� or short-range correlated polarons �CP�. The correlation
length is estimated to be about 1–3 nm4 and shows no
changes with temperature and magnetic field. In addition it
was suggested that CP, manifesting themselves as a short-
range ordered � 1

4 , 1
4 ,0� superstructures, originate from the

charge and/or orbitally ordered CE phase.4 The scattering
intensity in neutron and x-ray experiments, assumed to be
proportional to the concentration of correlated polarons, NCP,
shows a temperature dependence qualitatively similar to that
of the resistance, thus reflecting a MI transition. Namely, NCP
is suppressed in the ferromagnetic metallic phase at T�TC
and strongly increases by approaching the Curie temperature,
TC. In the paramagnetic insulating phase, however, NCP�T�
strongly decreases with increasing temperature.6 The mag-
netic field behavior NCP�B� qualitatively resembles the CMR
effect, while even for strong fields B�5–7 T there is a
measurable NCP at least for Nd-Sr-Mn-O �NSMO�.7

The MI transition in manganites is usually studied by
means of four-point dc resistive measurements. More rarely
ac measurements were performed but no special attention
was paid to the electrical nonlinear behavior as a function of

temperature and/or magnetic field. However, the ferro/
paramagnetic phase transition in CMR manganites has a pe-
culiar nature as was evidenced by the observation of quasi-
elastic contribution to spin waves,8 by optical Brillouin
scattering with appearance of a central peak ���=0� at T
�TC �Ref. 9� and by the change of lattice elasticity10 at the
phase transition. The peculiar phase transition in manganites,
additionally considered within the phase-separation
scenario,11 needs a more detailed study which accounts for
electrical nonlinearity close to the phase transition. A pro-
nounced nonlinear electrical behavior, i.e., nonlinear
current-voltage-J�U� characteristics, followed even by a re-
sistance switching, was observed for small-bandwidth man-
ganites such as Pr0.7Ca0.3MnO3 �PCMO� �Ref. 12� as well as
for NSMO �Ref. 13� in the charge-orbital ordering �COO�
regime as well as in the mixed phase region with coexisting
COO and charge-orbital disordered ferromagnetic metallic
�FMM� phases. In all these cases the polaron transport is the
dominating mechanism and the observed nonlinearity was
related to the electric or magnetic field induced “melting” of
COO domains at the expense of the “growing” orbitally dis-
ordered FMM phase.14,15 The observed huge CMR was then
discussed within the phase-separation scenario and percola-
tive phase transition.16 For optimally doped LCMO �x
=0.2–0.33� with high TC, clear MI and CMR behaviors, the
nonlinear J�U� characteristics have not been reported to the
best of our knowledge. The nonlinearity close to the phase
transition was just hypothesized17 but no specifications of
possible mechanisms, including correlated polarons was sug-
gested.

II. METHODS

We studied the nonlinearity by electrical ac third har-
monic technique,18 which is known to be very sensitive to
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defects in metallic films19 as well as to the fluctuations of
local temperature and/or charge-carrier concentration as ob-
served for high-TC cuprate thin films close to the supercon-
ducting transition.20,21 Linear, U�, and nonlinear third har-
monic, U3�, ac signals were measured simultaneously using
four-probe technique with a “Quantum Design” PPMS sys-
tem for ac current values J=1–103 	A in the range of fre-
quencies, �=1–103 Hz and temperatures, T=10–400 K,
and in-plane magnetic fields B=0–5 T. The low-field
�B=10 mT� magnetization was analyzed with a commercial
MPMS superconducting quantum interference device
�SQUID� system for T=10–400 K. The structure of the
films was characterized by x-ray diffraction �XRD� �Siemens
D5000� and transmission electron microscopy �TEM� �Jeol
4000EX and Jeol 3000F�. The film samples, prepared by a
metalorganic aerosol deposition technique,22,23 were indi-
vidual LCMO �sample C� and LSMO �sample S� layers
�x�0.3� as well as LCMO /BaTiO3 �CB sample� multilayer,
all grown on MgO�100� substrates. Such choice of the film
samples was made, on one hand, to compare the behavior of
prototypic CMR �LCMO� and double exchange �LSMO�
systems and, on another hand, to study the effect of epitaxial
misfit strain �CB-film� on the nonlinear behavior.

III. RESULTS

The HREM as well as XRD study demonstrate that the
films were grown epitaxially on MgO�100�. One can see that
the CB multilayer �Fig. 1�a�� as well as C film �Fig. 1�b�� are
both of high crystalline quality. The electron-diffraction �ED�
pattern obtained from a cross section of the CB-sample �Fig.
1�c�� is a superposition of the ED patterns from cubic MgO
substrate and from the tetragonally distorted LCMO and
pseudocubic BTO layers. The splitting of the spots due to a
different lattice parameters in the layers occurs only along
the film growth direction, i.e., normal to the foil set �see inset
of Fig. 1�c��. At the interface the difference in lattice param-
eter is taken up elastically, yielding a compressive stress in
LCMO layer. Moreover, high-resolution TEM �HRTEM�
measurements demonstrate coherent and atomically flat in-
terfaces between LCMO and BTO layers �Fig. 1�d��. A per-
fect chemical separation of the layer structures has been evi-
denced by means of energy filtered TEM �EFTEM�
technique �Fig. 1�a��. The color coded image shows the ele-
ment maps of Mg �red�, Ti �green�, and Mn �blue� which
clearly coincide with MgO, BTO, and LCMO regions. Ac-
cording to XRD all the samples �C, S, CB� show a pseudocu-
bic perovskite structure, originated from manganite and ti-
tanite �CB� phases, but c-axis lattice parameters of
manganite layers were significantly different. As shown in
Table I C and S film possess c-axis values very close to those
for bulk LCMO and LSMO phases, respectively, indicating a
stress-free state in accordance with earlier observations on
the films grown on MgO.23 High values of TC and TMI are
the result of stress-free state of C and S films. In contrast,
the CB-film shows significantly smaller c-axis parameter,
c=0.3850 nm, due to a misfit stress, 
= �CLCMO-CBTO� /
CLCMO�0.8%, resulting in reduced TMI and TC �Table I�.

In Fig. 2�a� we present the temperature dependences of
the third harmonic coefficient, K3�=log��U3� /U���, which

quantifies electric nonlinearity in the C and S films. U� and
U3� are the measured ac voltages on the fundamental, �, and
3� frequencies, respectively. The S film shows the tempera-
ture and magnetic field independent K3��T ,B� behavior with
a low level of nonlinearity, K3��−90 dB, comparable to
that observed in resistors. In contrast, C film reveals an in-
crease of nonlinearity up to K3��−60 dB with a maximum
at TMI=267 K. A magnetic field B=5 T suppresses nonlin-
earity close to TMI down to the level characteristic for the
metallic state. Another observation is that for the strained CB
film �Fig. 2�b�� TMI values are reduced both in the R�T� and
the K3��T� curves, reflecting the effect of misfit stress onto
linear and nonlinear behaviors. To quantify the nonlinear
electric behavior we calculated third harmonic resistance,
R3�=dU3� /dJ, and compared it with the linear resistance,
R�=U� /J. In the inset of Fig. 3 one notices very low values
of R3��10−3 �, observed for the S film with no additional
increase in the nonlinearity at the phase transition, i.e., the
R3��T� apparently scales with R��T� curve. For the LCMO
films �C and CB� no scaling between R3��T� and R�T� was
observed �Figs. 3�a� and 3�b��. The third harmonic resistance
shows a dramatic increase in the vicinity of TMI, otherwise,
both for T�TMI as well as for T
TMI, R3� remains at the
very low level, comparable to that of the S film.

The effect of magnetic field on the third harmonic nonlin-
earity is shown in Fig. 4. To compare the magnetic field
behavior in C and CB films we present normalized values,
R3��T� /R3��TMI�, as a function of the normalized tempera-
ture T /TMI. One can see that the “nonlinear” MI transition is

FIG. 1. �Color online� �a� Cross-section low magnification
EFTEM �left� and TEM images �right� of CB multilayer film. The
following colors are used for chemical mapping: “red” for Mg
�MgO substrate�, “green”—Ba �BaTiO3 layer� and “blue”—Mn
�La0.7Ca0.3MnO3 layer�; �b� Cross-section HRTEM image of the
LCMO film grown on a MgO�001� substrate; �c�—ED pattern taken
from the CB multilayer film. An enlargement of the region marked
by a white rectangle area is given as inset; �d� HRTEM image of a
selected area �white rectangle in �a�� area. Note the heteroepitaxial
growth of LCMO-BTO layers and the atomically flat and sharp
interfaces between the layers �marked by white arrows�.
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extremely sharp in the strain-free C film and considerably
broadened in the strained CB film �Fig. 4�a��. Remarkably, in
the paramagnetic insulating phase a common behavior for
different LCMO films was observed. Namely, the nonlinear
resistance shows an activated temperature behavior, R3��T�
�exp�−Ea /kT�, with similar Ea�0.24–0.28 eV. In
contrast, the linear resistance, R��T�, demonstrates very dif-
ferent and low activation energies, Ea=0.06 eV and 0.12 eV,
for C and CB films, respectively �Table I�. In
Fig. 4�b� the “nonlinear” CMR3��T�=100%� �R3��T ,0�
−R3��T ,5 T�� /R3��T ,5 T� is shown. C film exhibits a huge
“nonlinear” CMR3�=80 000% and a narrow temperature
distribution of CMR with full width at half maximum
�FWHM��0.05TMI�13 K. Moreover the usual or “linear,”
CMR�=400%, is apparently much smaller than the nonlinear
CMR3�. The strained CB film demonstrates CMR3�=700%
with a broad temperature distribution, FWHM=0.22TMI
�50 K. However, the magnitudes of the nonlinear and lin-
ear effects are comparable at TMI, i.e., CMR3��CMR�.

In the inset of Fig. 5�a� we present the dependence of the
nonlinear voltage, U3�, in the C film on the amplitude of ac
current, J, at T=265 K, i.e., very close to TMI=267 K. One
can see that U3��J� can be well fitted by a cubic dependence,
i.e., U3��J3. This illustrates the third harmonic origin of the

measured nonlinear signal, because with J=J0 cos �t one
gets U3��J0

3 cos3 �t�cos 3�t due to trigonometry rela-
tions. The nonlinear �current dependent� resistance therefore
depends quadratically on the current, R3�=dU3� /dJ�J2.
Moreover, R3�, shows a peculiar power law frequency de-
pendence �Figs. 5�a� and 5�b��: R3����=R3�

� +A��-�0�n in
clear contrast to the frequency independent linear resistance
R� �not shown�. Interesting, the exponent, n, changes across
the phase transition from n=1 in the metallic state at T
=200 K to n=1.5–2 in the insulating state �T�265 K�.
The development of the insulating phase, monitored by the
increase in the nonlinear signal, can be followed by increas-
ing the amplitude of the ac current at a constant temperature,
T=255 K, close but still lower than TMI. As is demonstrated
in Fig. 6, a linear frequency dependence of R3���� is valid
for relatively low ac current values, J�100 	A. However,
for currents J�200 	A the exponent “n” switches to n
=1.5 and a large R3� values are already seen for very low
frequencies. Note that both n�2 and large R3� were ob-

TABLE I. Characteristics of manganite film samples.

Sample
Thickness

�nm�
c axis

�nm�/stress �%�
TC

�K�
TMI

�K�
Ea�R��
�meV�

LSMO�S� 60 0.3890/0 358 350

LCMO�C� 55 0.3877/0 260 267 60

LCMO/BTO�CB� 32 0.3850/0.8 215 210 120

FIG. 2. Temperature dependences of the third harmonic coeffi-
cient, K3�=log��U3� /U���, measured for J=100 	A, �=17 Hz,
and magnetic field B=0 and 5 T. �a� C film �squares� and S film
�circles�. �b� CB film �triangles�.

(a)

(b)

FIG. 3. Temperature dependences of the nonlinear, R3��T�, �left
scale, closed symbols�, and linear, R��T�, �right scale, open sym-
bols� resistances for different samples: �a� C-film �J=400 	A, �
=17 Hz�, and S film �inset in �a�� �b� CB film.
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served for a globally insulating phase for T�TMI �Figs. 5
and 6�. The difference between metallic and insulating state
with respect to the third harmonic electrical nonlinearity is
that for a LCMO metal at T�TMI the nonlinear resistance is
vanishingly low �comparable with noise� at very low fre-
quencies and currents; moreover, R3���� grows linearly with
increasing frequency. In contrast, for a LCMO insulator
�T�TMI� the nonlinearity cannot be induced at very low fre-
quencies: the R3� is already relatively large practically at �
�0. In other words there is a gap for exciting nonlinearity in
the insulating state and there is no gap �nonlinearity can be
induced at almost zero �� in the metallic state.

IV. DISCUSSION

We would like to point out the remarkably common fea-
tures with correlated polarons behavior,3–9 on the one hand,
and the measured electric third harmonic voltage, U3�, �R3��,
on the other hand. Namely, they both are: �1� observed in
LCMO, but not in LSMO; �2� enhanced close to the phase
transition; �3� strongly reduced in the FMM phase for T
�TC and in the PMI phase �T
TC�; and �4� suppressed in a
magnetic field, causing a very large CMR3� effect. Moreover
the observed activation energy, Ea�0.24–0.28 eV, of
R3��T�TC� is very close to the JT deformation energy, �JT
=0.3 eV,24 suggesting an universal JT origin of the nonlin-
earity in different CMR manganite films. Additionally, to the
films discussed here in details, we obtained the same values,
Ea�0.28,0.29 eV, for another LCMO �TC=255 K� and
�La5/8Pr3/8�0.7Ca0.3MnO3 �TC=194 K� samples, respectively.
Based on the fact that static JT distortions do exist in

LCMO,3–7 hosting within an orthorhombic �Pnma� structure,
and do not in LSMO �R-3c�, it looks reasonable to relate the
electric third harmonic nonlinearity to correlated polarons.

The possible mechanism for the contribution of correlated
polarons to the electrical third harmonic voltage can be de-
duced from the observed quadratic dependence of R3� on the
electric current �field�, i.e., R3��J��J2. In other words one
should address the origin of a nonlinear coupling of electric
field to the JT distortions, i.e., correlated polarons. Unlikely
such coupling occurs through a dipole mechanism; no di-
poles and no ferroelectricity was detected in the manganites
to the best of our knowledge. However, a quadrupole mecha-
nism looks probable because of several reasons. In general,
Mn ions with electrons on d orbitals �L=2� provide a natural
example of the quadrupolar charge distribution. In details, a
correlated JT polaron, considered as a short-range correlated
��1 nm� region with CE-type ordering of Mn3+ /Mn4+ ions,4

can be viewed as an electric quadrupole with ordered posi-
tive �Mn4+� and negative �Mn3+� charges in the corners of
square with a side along the �110� axis of a pseudocubic
perovskite. Naturally, an ideal long-range ordered CE-phase
seems to be quadrupole free—the Mn3+ /Mn4 charge imbal-
ance is fully compensated and the charge distribution seems
to be completely spherically symmetric. But for the short-

FIG. 4. The dependences of: �a� normalized nonlinear voltage,
U3��T� /U3��TMI�, for B=0 and 5 T in C film �open squares� and
CB film �open triangles� and �b� CMR @ 5 T in C film �closed
squares� and CB film �closed triangles� as a function of normalized
temperature, T /TMI. The inset in �a� illustrates an activated such as
U3��T� behavior for T�TMI in C film �squares� and CB film
�triangles�.

(b)

(a)

FIG. 5. Frequency dependences of the nonlinear resistance, R3�,
in C film, measured at different currents for T=265 K �a� and
T=200 K �b�. The symbols represent the data points and dashed
lines are the fit curves R3�=R3�

� +A��-�0�n, with n=2 �T
=265 K� and n=1 �T=200 K�. The inset in �a� shows the current
dependences of the nonlinear, U3�, and linear, U�, signals at T
=265 K.
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range ordered CE-regions a charge asymmetry of a quadru-
polar origin due to ellipticity is possible. Even if the charges
are not exclusively located at Mn sites but rather are shifted
along Mn-O-binding length15 �Zener polatrons� a similar
quadrupolar presentation may be valid, assuming the CE-
phase geometry.

It is known from classical nonlinear optics25 that a quad-
rupole moment, Q, does couple to an external a.c. electric
field, yielding a form, Q=�E2, with � quarupolar suscepti-
bility. This means that a quadrupolar moment can be also
induced by an external electric field. Formally, the develop-
ment of the resistance as a row on exponents of electric field
should start from the term �E2 �the linear and other odd
terms are unphysical because they would give a negative
resistance�, yielding: R�E��R�+AE2+ ¯ �¯��E2n . Here
the second term corresponds to the third harmonic nonlinear
resistance �see the last paragraph of Sec. III�. Viewed as a
nonlinear interaction of an external a.c. electric field with
quadrupoles, the R3� is then proportional to the number of
quadrupoles in the volume of the sample, i.e., to the concen-
tration of correlated polarons, NCP, and can be written as:
R3�=ANCP�Q /��. Thus, the third harmonic nonlinearity in
LCMO can be rationalized within the nonlinear coupling of
electric field to the correlated polarons, assuming them as
electric quadrupoles. An enhancement of the nonlinearity at
the transition region �T�TC� can be naturally explained
within the temperature dependent concentration of quadru-
poles �polarons�, NCP�T�. In the ferromagnetic metallic state,
T�TC, the nonlinear signal, U3�, is strongly suppressed to
the very low level �−80–90 dB, which exceeds neverthe-
less the noise level, �−100 dB. However, the nonlinearity
does not disappear completely, indicating that NCP�T�TC� is
small but final. The nonlinearity can be recovered, meaning
that correlated polarons as quadrupoles can be excited by

increasing current �field� even in the metallic state �see Fig.
5�. Remarkably, a third harmonic MI transition can be also
switched in the globally metallic state at 255 K�TMI �Fig.
6�. These results strongly support recent experimental26 and
theoretical17 studies, which stated that correlated polarons do
survive in the metallic state.

Very large difference between the values of R� and R3� as
well as different temperature dependences R��T� and R3��T�
dependences indicate, probably, that different electronic sys-
tems may contribute to these quantities. We believe that non-
linear resistance, R3�, related to correlated polarons accord-
ing to the proposed quadrupolar mechanism seems, to be
more sensitive and thus more informative for the study of MI
transition. Namely, the transition looks extremely sharp �Fig.
3�, the CMR3��105% �Fig. 4� is indeed a “colossal” effect
and, finally, the activation energy in R3��T� dependence is
very close to the JT deformation energy. This is consistent
with the proposed origin of nonlinearity, R3��NCP, which is
caused exclusively by the electrons trapped by short-range
correlated JT distortions. However, the “puzzle” is that only
a small part of electrons are trapped by JT distortions, i.e.,
NCP�N, where N is an overall number of carrier due to Ca
doping. The carriers, mostly behaving as itinerant or band
electrons �even if the bandwidth is small�, are influenced by
the random potential fluctuations due to defects and
disorder.27,28 That is, we believe, the reason why R�, reflect-
ing these itinerant electrons, shows a smeared transition,
smaller CMR and smaller activation energy, Ea
�0.06–0.1 eV. We do not contradict the R� and R3� ap-
proaches but we would like to point out that R3� seems to be
more adequate and more sensitive to study the intrinsic lat-
tice effects �correlated polarons�, which are enhanced in the
vicinity of the phase transition and, thus, extremely sensitive
to the temperature as well as to electric and magnetic fields.

One can make an estimation of the relative concentration
of correlated polarons, NCP /N, basing on the measured tem-
perature dependence K3��T�=R3��T� /R��T� and considering
the following simple phenomenological description. Very
generally, the overall resistance of a manganite can be ex-
pressed as

R� �
1

N − NCP
. �1�

Here, N and NCP are the concentrations of the charge carriers,
and correlated polarons, i.e., trapped or localized electrons.
The latter do not contribute more to the conductivity and
lead to the increase in the overall resistance. The next as-
sumption is that the concentration of correlated polarons is
small, i.e., NCP�N. This looks reasonable because both neu-
tron and x-ray scattering data emphasize a small number of
correlated polarons in LCMO.3–7 Then one gets from Eq. �1�,

R� �
1

N�1 −
NCP

N
� �

1

N
�1 +

NCP

N
� �

1

N
+

NCP

N2 . �2�

Taking into account the ac measurements, the first and domi-
nating term will correspond to R� and the second and much
smaller term �NCP�N� is then proportional to R3� due to the

FIG. 6. Current �field� induced metal-insulator transition in C
film at T=255 K�TMI as elucidated from the frequency depen-
dence of nonlinear resistance �open circles relate to J=100 	A and
open triangles for J=200 	A�. The exponent “n” in the frequency
dependence of R3� changes from a n=1 to n=1.5 with increasing
the amplitude of ac current. For comparison the data for the metallic
state at T=200 K with n=1 �closed circles� and for the insulating
state T=295 K with n=2 �closed triangles� are also presented. To
present all the data on the same graph the R3� values at
T=255 K for J=100 	A �open circles� and for J=200 	A �open
triangles� were divided by factor 7 and 15, respectively.
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discussed above nonlinear coupling of correlated polarons to
electric field, i.e., R3��NCP. Then R� and the ratio, K
=R3� /R�, we are looking for, is given by

K 	
R3�

R�

=
NCP � N

N2 =
NCP

N
. �3�

The temperature dependent concentration of correlated po-
larons, NCP�T�, should be proportional to the overall concen-
tration of carriers, N�T�, and can be described by the follow-
ing formula:

NCP�T� = N�T���T� = N�T��0�1 + ��T�� . �4�

The function � �T��1 describes the probability of an elec-
tron to be trapped by a JT distortion, which in principle is
determined by the strength of the electron-phonon coupling
and depends on the temperature and, probably, on other con-
trol parameters, such as doping, magnetic field, and pressure.
To illustrate the effect of the phase transition the trapping
probability in Eq. �4� was separated into a temperature inde-
pendent, �0, and temperature dependent, ��T�, parts. Then
the ratio K can be rewritten as

K = �0�1 + ��T�� . �5�

The experimentally measured ratio, Kexp�T�=R3� /R�, for
C and CB films �see Fig. 7� can be fitted remarkably good
�R2=0.998� by the following analytic expression, which
shows the same functional form as Eq. �5�. Namely,

Kexp�T� 	
R3�

R�

= K0�1 + Af�T�� . �6�

Here the constant, K0�10−8–10−9, represents the ratio
R3� /R� at T�TMI, describing a very small degree of the
nonlinearity and very small amount of correlated polarons in
the metallic phase: K�T�TMI�=�0. The fitting function,
f�T�, is the so-called “asymmetric double sigmoid” �ADS�
function:

f�T� = 

1

1 + exp�− �T − TMI +
w1

2
�

w2
�


�
1 −
1

1 + exp�− �T − TMI −
w1

2
�

w3
�


. �7�

The values of ADS belong to the interval �0,1� for T� �TMI
−w1; TMI+w1�. All the fit parameters are given in Table II.
Here we note that, w2�w3, are the widths of the two transi-
tion regions at the left and right sides from TMI, respectively.
Another constant in the fitting function, A�300, describes
the maximal value of Kexp at T=TMI, giving us finally an
estimation of the maximal fraction �NCP /N� of correlated po-
larons close to TMI,

��TMI� = K0 � A � �1–2� � 10−6. �8�

One can see that this number is very small and qualitatively
is in accordance to neutron and x-ray scattering data3–7 on
single crystals of LCMO with Ca-doping, x=0.2 and 0.3.
Taking into account that our C film �x�0.25� is grown in a
strain-free state on MgO�100�, a comparison with single
crystals looks reasonable. Note that the concentration of po-
larons seems to be not strongly affected by the epitaxy strain
as we can see that even for a strained CB film this number is
also relatively small.

We would like to outline another important aspect of the
above model. The fact that the best fit of the measured non-
linearity ratio �Eq. �6�� in LCMO is given by the ADS func-
tion �7� indicates that, indeed, two independent processes
control the temperature evolution of correlated polarons as
well as of the CMR effect, both mainly limited to the vicinity
of the phase transition. Namely, the first process, quantified
by the transition width w3, contributes to the increase of NCP
by T�TMI and thus should be related to the increase of COO
tendency as the temperature decreases. The second w2 pro-
cess, manifested by a sharp drop of NCP at the left side of MI

FIG. 7. The measured K3��T�=R3��T� /R��T� dependence in C
film �squares� and in CB film �triangles� and the fitting made by
means of asymmetric double sigmoid function �see Eqs. �6� and
�7��, shown as lines.

TABLE II. Fitting parameters in the K3��T� function.

Sample K0 A
TMI

�K� w1 w2 w3

LCMO�C� 7�10−9 360 264 7.1 1.6 16

LCMO/BTO�CB� 1.1�10−8 339 199 27.8 9 14
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transition, is definitely caused by the long-range ferromag-
netic ordering due to double exchange interaction. Note, the
w3 values for C and CB films are comparable to each other
�see Table II�, but the w2 values are very different �1.6 and
9�. This indicates that the temperature evolution of correlated
polarons �COO� seems to be an universal intrinsic behavior,
i.e., it is less dependent on the sample quality. In contrast,
ferromagnetic transition is, indeed, strongly influenced by
extrinsic effects of strain and disorder.

Very interesting is the observed frequency dependence of
the nonlinear resistance in LCMO, i.e., R3����-�0�n �Figs.
5�a� and 5�b��. Within the proposed quadrupolar model it can
be interpreted by the frequency dependent quadrupolar sus-
ceptibility, i.e., �������-�0�−n. Considering very low-
frequency range ��=1–1000 Hz� of ac current, such behav-
ior seems to be not directly related to any quasiparticle
excitations �phonons, electrons, or magnons� but rather rep-
resents the response of the crystalline lattice as a whole to ac
electric field. In that sense it looks reasonably to suppose that
CP, excited by ac electric field, modify elastic properties of
the crystalline lattice, yielding to its softening, particularly at
the phase transition. This leads to a nonlinear electrical re-
sponse, which depends on the rate of electric stimuli as in a
glassy material. The coupling of electrons to the lattice
strain, which is necessary to induce such a softening, can be
also rationalized within the quadrupole mechanism, consid-
ering that correlated polarons, composed of Mn3+ /Mn4+ spe-
cies, can be viewed both as electric and also elastic
quadrupoles—the difference of ionic radii of these manga-
nese ions induces a local lattice strain distribution of the
quadrupolar origin.23 Recently, the importance of both
electric29 and elastic10 quadrupolar effects for the formation
of stripe phases as a form of charge-orbital ordering in
LCMO was elucidated. Moreover, it was also argued that the
quadrupolar lattice contribution dominates magnetization in-
duced optical second-harmonic nonlinearity in LCMO.30

A slow resistance dynamics was reported earlier in PCMO
�Refs. 31 and 32� and interpreted within the reorganization of

CP or charge-density waves. Here we note that LCMO close
to phase transition also possesses a nonlinear polaronic glass
properties. The transition itself is manifested by the change
in the exponent from n=1 for T�TMI in the metallic
state to n=1.5 /2 for T�TMI �insulator�. It is interesting that
percolative MI transition in artificial metal-insulator
composites33,34 is also accompanied by a change in exponent
in power-law frequency dependence of the ac conductance.
However, in contrast to the nonlinear resistance in LCMO,
the composites show: �a� a decrease in the ac resistance with
decreasing frequency �this is also valid for PCMO� and �b�
that n�2 is observed for a percolative �metallic� and n=1
for a nonpercolative �insulating� regime. Such behavior, well
described within an equivalent RC circuit, apparently cannot
be adopted for the nonlinearity in LCMO. This also supports
a “lattice origin” of the observed nonlinearity in LCMO, but
the detailed mechanism is not clear up to now.

In conclusion, we demonstrated that large CMR is inti-
mately coupled with electric nonlinearity as observed in
LCMO. The minor CMR in case of LSMO is in line with its
linear electric behavior. All this is naturally related to the
existence of correlated polarons close to the first-order phase
transition in LCMO and their absence in LSMO �second-
order transition�. However, the concentration of correlated
polarons, NCP /N, seems to be surprisingly small, thus still
“puzzling” their microscopic role in the CMR effect. We
believe our data bring new insights on the correlated po-
larons and the role of low-frequency dynamics in CMR and
percolative phase transition in manganites.
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